The innate immune system constitutes the first line of defense against microorganisms in both vertebrates and invertebrates. Although much progress has been made toward identifying key receptors and understanding their role in host defense, far less is known about how these receptors recognize microbial ligands. Such studies have been severely hampered by the need to purify ligands from microbial sources and a reliance on biological assays, rather than direct binding, to monitor recognition. We used synthetic peptidoglycan (PGN) derivatives, combined with microcalorimetry, to define the binding specificities of human and insect peptidogycan recognition proteins (PGRPs). We demonstrate that these innate immune receptors use dual strategies to distinguish between PGNs from different bacteria: one based on the composition of the PGN peptide stem and another that senses the peptide bridge crosslinking the stems. To pinpoint the site of PGRPs that mediates discrimination, we engineered structure-based variants having altered PGN-binding properties. The plasticity of the PGRPbinding site revealed by these mutants suggests an intrinsic capacity of the innate immune system to rapidly evolve specificities to meet new microbial challenges.
crosslinking (5-75%), thereby introducing additional variability in PGN structure (8, 9) .
In Drosophila, PGRPs activate two distinct signaling pathways that induce production of antimicrobial peptides: the Toll receptor pathway, which is primarily triggered by Lys-type PGNs from Gram-positive bacteria, and the Imd pathway, which is mainly activated by Dap-type PGNs from Gram-negative bacteria (2) . Mammalian PGRPs, located in neutrophil and eosinophil granules, participate in the intracellular killing of both Gram-positive and -negative bacteria (4, 10, 11) .
A major difficulty in identifying molecular determinants recognized by pattern recognition receptors such as PGRPs, or in simply establishing which general category of PAMP is recognized, arises from the usual practice of purifying these products from bacterial cell walls, such that contamination with other cell wall components has often led to contradictory conclusions. For example, although human NOD1 was initially believed to detect lipopolysaccharide (12) , and Drosophila PGRP-LC to sense both lipopoysaccharide and PGN (13) , it now appears that these receptors recognize PGN alone (14, 15) . Similarly, mammalian Toll-like receptor 2 is no longer thought to detect lipopolysaccharide (16, 17) , but rather lipoteichoic acids, zymosan, and PGN (18) , although PGN recognition by Toll-like receptor 2 has been disputed (19) . Further complicating the analysis of receptor-ligand interactions is the exclusive reliance on biological assays to monitor recognition (1, 2) , because these assays measure immunostimulatory capacity, not direct binding. To circumvent these difficulties, we synthesized muramyl pentapeptides that contain either Lys (1) or Dap (2) as the third amino acid (Fig. 1B) and a crosslinked Lys-type PGN (3) (Fig.  1C) . We used these compounds, in conjunction with isothermal titration calorimery (ITC), to elucidate the intrinsic PGN-binding specificities of human and insect PGRPs, the strategies these pattern recognition receptors employ to discriminate PGNs from different microbes, and the structural basis for this discrimination.
Results
Analysis of PGN Analog Binding to Human and Insect PGRPs. Use of classical fluorenylmethoxycarbonyl chemistry and solid phase synthetic techniques enabled the assembly of compounds 1-3 ( Fig. 1 B  and C) . Having synthesized these compounds, attention was focused on determining thermodynamic parameters of their binding to human and Drosophila PGRPs. (Fig. 1B, 1) , a muramyl pentapeptide representing the conserved core of Lys-type PGN from Grampositive bacteria ( Fig. 1 A) , with a K b of 45 ϫ 10 3 M Ϫ1 . Despite the low affinity, there are measurable signal changes upon successive injections of ligand into the protein (Fig. 2 A and B) that allow for accurate determination of K b (20, 21) . Furthermore, the fit of the ITC data to a single-site model returns an n value of 1.0 PGRP-I␣C per MPP, which indicates that we have accurately determined the starting concentrations of both protein and ligand solutions and that PGRP-I␣C and MPP are each fully active. The solution state stoichiometry obtained by ITC is consistent with the single PGNbinding site per PGRP-I␣C monomer observed by x-ray crystallography (22) . Truncation of the peptide stem of MPP at position 2 reduces affinity Ϸ60-fold based on the binding of GlcNAcMurNAc-L-Ala-D-Ala (GMDP) ( Table 1) . Injection of volumes, up to 10-l aliquots, of 10-fold molar excess of Dap into 0.09 mM PGRP-I␣C resulted in heats similar to those of dilution (Fig. 5A , which is published as supporting information on the PNAS web site) with no detectable change in the incremental heat per mole of added Dap (Fig. 5B) , indicating no binding. Under these experimental conditions and those used throughout this study, interactions with K b Ͼ 100 M Ϫ1 should be detectable (21) . These results . 1C) 
and those presented below reveal that PGN recognition by PGRPs, although of low affinity (K b Ͻ 10 5 M Ϫ1 ), is nevertheless highly selective (see Discussion).
In addition to MPP, PGRP-I␣C recognizes 3, an analog of crosslinked Lys-type PGN (CL-PGN) composed of MPP connected to the muramyl tetrapeptide MurNAc-L-Ala-D-isoGln-L-Lys-D-Ala via a pentaglycine bridge ( (Fig. 1B, 2) , which corresponds to the core of Dap-type PGNs from Bacillus and Gram-negative bacteria (Table 1) . By contrast, human PGRP-S preferentially recognizes MPP-Dap (K b ϭ 47 ϫ 10 3 M Ϫ1 ) over MPP (6.3 ϫ 10 3 M Ϫ1 ), and fails to bind CL-PGN ( Fig. 5 C and D) . The ability of PGRP-S to recognize both MPP and MPP-Dap, albeit with somewhat different affinities, is consistent with the finding that mice deficient in PGRP-S exhibit increased susceptibility to i.p. infections with B. subtilis (Dap-type PGN) and Micrococcus luteus (Lys-type PGN) (11) . Notably, M. luteus PGN is only Ϸ25% crosslinked (8, 9), which should not preclude recognition by PGRP-S. The observed binding of human PGRP-S to MPP and MPP-Dap also agrees with recent data showing that this PGRP inhibits the in vitro growth of both Staphylococcus aureus (Lys-type PGN) and Escherichia coli (Daptype PGN) (23) .
The Drosophila PGRP-LC receptor, which is mainly triggered by Gram-negative bacteria, exists on the cell surface as three splice isoforms (PGRP-LCa, -LCx, and -LCy), each comprising a unique PGN-binding extracellular domain linked to identical transmembrane and cytoplasmic domains (13) . These isoforms are believed to form homo-or heterodimers, via their membrane proximal cytoplasmic domain (24) , with distinct PGN binding characteristics (15, 25) . To investigate the specificities of PGRP-LCx and PGRPLCa, we expressed their extracellular domains in soluble form. PGRP-LCx binds MPP-Dap with a K b of 64 ϫ 10 3 M Ϫ1 ( Fig. 3 A  and B ) but fails to recognize MPP (Table 1) PGRP-LCx exhibits a similar overall specificity profile as PGRP-S except in its greater capacity to distinguish Dap-type from Lys-type PGN. On the other hand, PGRP-LCa, despite its resemblance to PGRP-I␣C in binding MPP but not MPP-Dap, differs from PGRP-I␣C in not recognizing CL-PGN. Thus, the four PGRPs analyzed here represent three qualitatively distinct specificity profiles after accounting for the similarity of PGRP-S and PGRP-LCx.
These results demonstrate that PGRPs use dual strategies, one based on Lys-or Dap-type specificity and another that relies on sensing the PGN crossbridge, to achieve exquisitely selective PGN recognition and discrimination. PGRP-S, PGRP-LCx, and PGRPLCa distinguish PGN ligands on the basis of both criteria, whereas PGRP-I␣C, although remarkably specific for Lys-type PGN, is insensitive to crosslinking. Importantly, the identity of the amino acid at position 3 of the stem, coupled with differences in the type and amount of crosslinking between stems, account for almost all variability in PGNs from different bacteria (8, 9) .
The result that PGRP binding to PGN analogs highly depends on the composition of the peptide stem helps explain the ability of PGRPs to distinguish PGNs from different bacteria, as measured in biological assays (1, 2, (26) (27) (28) (29) . In addition, the biological relevance of our finding that certain PGRPs detect PGN crosslinking is supported by very recent data showing that M. luteus PGN, which is only Ϸ25% crosslinked (8, 9) , is capable of triggering the Drosophila Imd pathway through the PGRP-LC receptor, but that Staphylococcus aureus PGN, which is highly (Ϸ75%) crosslinked, is inactive (30) . Moreover, S. aureus PGN became as stimulatory as M. luteus PGN after enzymatic digestion of its pentaglycine crossbridges.
Interaction of Human and Insect PGRPs with Tracheal Cytotoxin. We also measured PGRP binding to GlcNAc-MurNAc(1,6-anhydro)-L-Ala-D-isoGlu-(2S,6R)-Dap-D-Ala (TCT) (Fig. 1D) , a natural monomeric fragment of Dap-type PGN containing an anhydro form of MurNAc (Fig. 3 E and F) (31) . TCT is the factor responsible for tissue damage in whooping cough and gonorrhea infections (31, 32) . Acting through the PGRP-LC receptor, TCT is also a potent activator of the Drosophila Imd pathway (15) . Surprisingly, TCT binds all four PGRPs with similar affinities (Table 1) , ranging from 8.7 ϫ 10 3 M Ϫ1 (PGRP-LCa) to 23 ϫ 10 3 M Ϫ1 (PGRP-S). The reported inability of PGRP-LCa to bind TCT in pull-down assays (25, 33) may be explained by the lower sensitivity of this nonquantitative detection method compared to ITC.
Because PGRP-I␣C and PGRP-LCa both bind TCT, yet show no detectable reactivity toward MPP-Dap, we hypothesize that the 1,6-anhydro bond of TCT, which locks MurNAc into the 1 C 4 conformation, alters the interaction of the peptide stem with PGRPs in a manner preventing discrimination against Dap at position 3. Promiscuous binding of TCT to PGRPs, or PGRP-like molecules, could contribute to the diverse biological effects of this PGN fragment, which include triggering normal light organ morphogenesis in the squid (34) .
Structural Basis for PGN Discrimination by PGRPs.
To identify the site (or sites) of PGRPs responsible for discriminating between L-Lys and Dap at peptide position 3, and between crosslinked and noncrosslinked PGN, we engineered structure-based variants of human and Drosophila PGRPs. In the crystal structure of PGRP-I␣C bound to the muramyl tripeptide MurNAc-L-Ala-D-isoGln-LLys (MTP) (22) , the ligand is bound in a deep groove, where the side chain of L-Lys packs against Asn-236 and Phe-237 at one extremity (Fig. 4A) . Sequence variability at these two positions among Ͼ40 PGRPs suggests that they may account for the ability of these proteins to distinguish PGNs from different microbes. To test this hypothesis, we asked whether the specificity profile of PGRP-S could be converted to that of PGRP-I␣C by mutating Gly-68 and Trp-69 of PGRP-S to the corresponding residues of PGRP-I␣C (Asn and Phe, respectively). In sharp contrast to wild-type PGRP-S, which binds MPP Ϸ7-fold less tightly than PGRP-I␣C, the PGRP-S double mutant binds MPP Ϸ2-fold better than PGRP-I␣C (K b ϭ 85 ϫ 10 3 M Ϫ1 versus 45 ϫ 10 3 M Ϫ1 ) ( Table  1 ). The PGRP-S mutant also resembles PGRP-I␣C in binding MPP-Dap with Ϸ25-fold lower affinity than MPP, whereas the wild-type PGRP-S exhibits a preferential recognition of MPP-Dap. Unlike wild-type PGRP-S, for which no interaction with CL-PGN could be detected (Fig. 5 C and D) (Table 1) , an affinity similar to that of PGRP-I␣C (74 ϫ 10 3 M Ϫ1 ; Fig. 2 C and D) . At the same time, the PGRP-S mutant retains the capacity to recognize TCT, with Ϸ2-fold higher affinity than wild-type PGRP-S or PGRP-I␣C. These results demonstrate that a single site in the PGN-binding cleft of PGRPs, corresponding to residues 236 and 237 in PGRP-I␣C (Fig. 4A) , mediates discrimination between L-Lys and Dap at peptide position 3 and between crosslinked and noncrosslinked Lys-type PGN.
Further support for this conclusion is provided by mutagenesis of Drosophila PGRPs. The double-mutant PGRP-LCx (Gly393Asn and Trp394Phe), which bears the same substitutions as the PGRP-S mutant, follows the expected pattern of Lys-type versus Dap-type discrimination by recognizing MPP (K b ϭ 24 ϫ 10 3 M Ϫ1 ; Fig. 3 G  and H) , but not MPP-Dap (Table 1) , a pattern inverse from that of wild type. However, the mutations do not confer on PGRP-LCx the same ability to bind CL-PGN we observed for PGRP-I␣C and PGRP-S (Gly68Asn and Trp69Phe), presumably due to additional structural differences between the Drosophila and human proteins. As a result, PGRP-LCx (Gly393Asn and Trp394Phe) closely resembles PGRP-LCa in its specificity profile. By contrast, PGRPLCa (Gln412Asn and Lys413Phe), a highly promiscuous variant, has acquired the ability to bind both CL-PGN (83 ϫ 10 3 M Ϫ1 ) and MPP-Dap (72 ϫ 10 3 M Ϫ1 ) while retaining MPP and TCT recognition (Table 1) . Taken together, these results underscore the plasticity of the PGN-binding site of PGRPs.
The structures of the PGRP-I␣C-MTP complex (22) and PGRP-S (35) provide an explanation for the effect of the mutations on recognition of Lys-versus Dap-type PGN. In the PGRP-I␣C-MTP complex (Fig. 4A) , the side chain of Asn-236 protrudes from the wall of the binding groove, making van der Waals contacts with the side chain of L-Lys, especially atoms C and N. Attachment of a carboxy group to the C atom, which distinguishes Dap from L-Lys, would create steric clashes with Asn-236, decreasing affinity. The corresponding Gly-68 of PGRP-S (Fig. 4B) , because it lacks a side chain, does not interfere with binding. Accordingly, mutation of Gly-68 (or Gly-393 of PGRP-LCx) to Asn should reduce, or abolish, recognition of Dap-type PGN ligands, as observed for MPP-Dap (Table 1) . Less evident is the structural basis for the effects of mutations on discrimination between crosslinked and noncrosslinked Lys-type PGN, which will require crystallographic analysis of the interaction of PGRPs with the crossbridge.
Discussion
The binding of PGN derivatives to PGRP receptors, although highly selective, is of low affinity (K b Ͻ 10 5 M Ϫ1 ). Such lowaffinity, high-specificity recognition systems are gaining increasing importance in serving key biological functions, including T cell receptor recognition of peptide͞MHC ligands (36) (37) (38) , cell surface carbohydrate-protein interactions (39) (40) (41) , and cell-cell adhesion (42) . Moreover, it may be that even seemingly small (Ͻ10-fold) differences in the affinity of PGRPs for monovalent PGN ligands, such as we measured in several cases, are amplified by multiple PGRP-PGN interactions to establish specificity effects at the cellular level, as described for carbohydratebinding proteins (43, 44) . Indeed, the polymeric nature of natural PGN should facilitate multivalent binding of PGRPs. On the protein side, dimerization or oligomerization of PGRPs, as observed for PGRP-LC (15, 24, 25) and PGRP-I␣C (45), may further enhance specificity at the cell surface or in solution. In this regard, cadherins have been shown to mediate highly specific intercellular adhesion through amplification of small affinity differences between low-affinity cadherin dimers as a result of multiple interactions (42) .
Our results provide a basis for predicting the PGN-binding specificity of PGRPs that have not been characterized experimentally. Fig. 4C presents a structure-based sequence alignment of mammalian and insect PGRPs in the region encompassing PGRP-I␣C residues 236 and 237, which we have shown by site-directed mutagenesis to mediate discrimination between L-Lys and Dap at position 3 of the PGN peptide stem and between crosslinked and noncrosslinked PGN. Group I PGRPs, like PGRP-I␣C, contain Asn-Phe at positions 236 and 237 (or the homologous combinations Asp-Phe, Asn-Tyr, Asn-Trp, GlnTyr, or Gln-Tyr). These PGRPs are likely to exhibit a specificity profile similar to that of PGRP-I␣C (i.e., recognition of MPP and CL-PGN but not MPP-Dap). Group II PGRPs, like PGRP-S and PGRP-LCx, contain Gly-Trp (or Gly-Tyr or Gly-Phe) and likely bind MPP-Dap better than MPP and do not bind CL-PGN. Group III PGRPs, which thus far has only one member (PGRPLCa), contain Gln-Lys and bind only MPP. Group IV PGRPs, whose specificity we cannot currently assign, contain other sequences at these positions. It is notable that Ϸ65% (31 of 46) of the known PGRPs can be classified into Groups I or II.
The overall validity of this classification is supported by biological data. Thus, Drosophila PGRP-SA, which we predict should recognize Lys-type but not Dap-type PGN, is, in fact, the main recognition element for Gram-positive bacteria in insects (2) . Similarly, our classification predicts that Drosophila PGRP-LE, like PGRP-LCx, should bind Dap-type PGN. Indeed, it has been demonstrated that PGRP-LE functions synergistically with PGRP-LC in conferring resistance to E. coli and other bacteria having Dap-type PGN (46) .
Adaptive immunity relies on highly diverse receptors (antibodies and T cell receptors) generated through somatic gene recombination, whereas innate immunity is mediated by germline-encoded, nonrearranging receptors of restricted diversity (1, 2) . Although more structurally conserved than other microbial components (e.g., proteins), ligands such as PGN and LPS present sufficient heterogeneity to pose a significant challenge to specific recognition by pattern recognition receptors. Moreover, the innate immune system must be adaptive enough to counter new microbial challenges. In the case of PGRPs, we have shown that two amino acid mutations suffice to alter binding specificity from Lys-type to Dap-type PGN (and vice versa) or from noncrosslinked to crosslinked forms of this cell wall component. Because these variables together account for most of the known diversity in PGN structure (8, 9 ), it appears the binding sites of individual PGRPs are poised to facilitate rapid evolution of new specificities to respond to changes in the microbial environment while using existing signaling or effector pathways. Indeed, the relative ease with which the PGN-binding characteristics of PGRPs can be manipulated raises the intriguing possibility of rewiring the innate immune system by, for instance, genetically reprogramming the Drosophila PGRP-LCImd and PGRP-SA-Toll pathways to respond to Gram-positive and Gram-negative bacteria, respectively, thereby inverting the existing activation pattern. In addition, detailed knowledge of the interaction of innate immune receptors with microbial ligands should provide a rational basis for the use of microbial cell wall molecules as adjuvants for vaccines and modulators of inflammation (3).
Methods

PGRP Production.
Procedures for expressing human PGRP-S (residues 1-175) and the C-terminal PGN-binding domain of human PGRP-I␣ (PGRP-I␣C; residues 177-341) by in vitro folding from E. coli inclusion bodies have been described in refs. 22 and 35. The PGN-binding domains of Drosophila PGRP-LCx (residues 325-500) and PGRP-LCa (residues 343-520) were prepared similarly to the human proteins (see Supporting Materials and Methods, which is published as supporting information on the PNAS web site). Folded proteins were purified by using a MonoS (PGRP-S, -LCx, and -LCa) or MonoQ (PGRP-I␣C) ion exchange column (Amersham Pharmacia Biosciences) followed by a Superdex 75 gel-filtration column (Amersham Pharmacia Biosciences). Site-directed mutagenesis of human
